Featured Application: This paper introduces an in-house fabrication of a high gain complementary dipole/slot antenna array at the Ka-band using 3D printing technology followed by metallization via electroplating. The proposed antenna array features a comparable performance to commercial counterparts, with a lower cost and lighter weight. This antenna array has potential use for fifth generation wireless communication applications.
Introduction
Fifth generation (5G) wireless communications standard in the US was announced in July, 2016 by the Federal Communications Commission (FCC), which would provide a higher data rate than today's Fourth Generation (4G) wireless networks. A particular spectrum that is in the higher bands for the new Upper Microwave Flexible Use Service is in 28 GHz (from 27.5 GHz to 28.35 GHz). This millimeter-wave band for 5G cellular network was demonstrated by Rappaport and his research team as early as in 2013 [1] .
To ensure a sufficient link budget at millimeter-wave band, high gain antennas are required. The waveguide slot antenna is normally used as the basic element to realize a high gain antenna array. The slot element possesses advantages of low cross polarization, high radiation efficiency and planar features, whereas it mainly suffers from the drawback of a narrow impedance bandwidth. Applications for using slot-waveguides for optical devices, such as demultiplexers and power splitters, have been proposed [2] [3] [4] . These are more convenient for combining the device to the antenna input. The fractional impedance bandwidth of most slot antenna arrays is in the order of a few percent. Some improved designs have achieved more than 10% [5] [6] [7] [8] . In Reference [9] , a planar waveguide slot antenna array in the Ku-band was developed with 256 slot elements, where the basic radiating unit is a cavity-backed 2 × 4 slot subarray. Therefore, 32 subarrays were grouped together and connected by an equal amplitude and equal phase parallel waveguide feed network. Through the use of the 2 × 4 slot subarray, the design of the feeding circuitry was simplified significantly, as the subarray with 8 slot radiators were concurrently excited by a common backing cavity. This design is also helpful for achieving higher aperture efficiency as the single subarray showed an 18 dBi gain performance, much higher than that of a single slot element. The measured efficiency of the array was around 85% which is higher than the printed microstrip array technique [10, 11] . In addition, the measured impedance bandwidth was 12% (Standing Wave Ratio (SWR) <2), which is relatively wide for the waveguide slot antenna. For the 5G waveguide slot antenna array operating from 40.5 GHz to 43.5 GHz [6] , it has 24 × 24 elements with a 33.8 dBi maximum gain, and a gain variation of 2.1 dB. The obtained impedance bandwidth was 5.5% (SWR <2), where each subarray consisted of 6 × 6 radiating slots. Another design by Ando and his research team was demonstrated at 60 GHz with a 32 dBi gain over a 4.8 GHz bandwidth [12] . A full-corporate-feed network was integrated to the antenna array to achieve wideband performance, in comparison to the series-feed design. The measured fractional impedance bandwidth is 8.3% for reflection coefficient <−14 dB, which is acceptable at such a high frequency band. A wide slot radiator was used as the basic radiating unit with an aspect ratio of 0.64.
By applying the concept of the complementary antenna [13] [14] [15] [16] [17] [18] [19] for each radiating element, an electric dipole, consisting of two metallic cuboids, was introduced to each slot of the waveguide slot array in Reference [20] for Ku-band applications. The whole structure was constructed using aluminum. The element can be considered a simplified version of the Clavin element [13] . In this paper, the complementary dipole antenna array is enhanced for 28-GHz applications and ease of fabrication using 3D printing and electroplating. Metallization of 3D printed W-band bandpass filters has been demonstrated in Reference [21] . The metallization process consisted of electroless plating followed by electroplating. In this paper, the electroless plating is replaced by simple coating of a thin copper film on the 3D printed surface using a spraying gun. This process has the advantages of low cost, light weight, and stable gain within the operating band. Measurements were undertaken to verify the simulations and the measured results agree well with the simulated ones. Figure 1 shows an expanded perspective view of the proposed 16 × 16 complementary dipole antenna array (139.5 mm × 139.3 mm × 16.2 mm). To reduce the fabrication tolerance, the antenna array should minimize the number of layers to prevent the structure deteriorating. The cutting layer was determined using the weakness current at the surface of the structure using simulation software. It was then determined whether or not the top and bottom of the cutting layer can be easily sprayed. The final array was composed of three layers. The bottom layer is the feeding network, which is constructed using 90 • waveguide H-bends to transfer energy from the bottom WR-28 (7.112 mm × 3.556 mm) waveguide input layer. E-type waveguide T-junction splitters are used to divide the incoming signal with equal amplitude and 180 • phase difference. Such a power-dividing operation is conducted in six stages. The impedance matching stubs not only provide the impedance matching capability, but also the polarization rotation effect of the E-field inside the waveguide structures. The final E-field polarizations at all of the output ports of the impedance matching stubs are focused in the same direction. The middle layer has the 64 rectangular cavities (14.85 mm × 10.35 mm × 2.7 mm) with coupling apertures (6.075 mm × 2.25 mm) which force the 64 sets of the 2 × 2 subarray to radiate unidirectional broadside patterns. The top layer has the 64 sets of the 2 × 2 subarray, containing 256 slots (6.3 mm × 0.9 mm × 1.8 mm) and 512 metallic cuboids (3.6 mm × 2.25 mm × 2.7 mm). The four slots and eight cuboids form one 2 × 2 subarray. Each metallic cuboid with length = 0.21λ and the two cuboids' separation width = 0.29λ work as an electric dipole, whereas the slot with length = 0.5λ is equivalent to a magnetic dipole. Combining these two radiators together, complementary dipole antenna element is obtained. The 16 × 16 complementary dipole antenna array was simulated using ANSYS High Frequency Structure Simulator (HFSS) 18.0.
Design and Fabrication of a 16 × 16 Complementary Dipole Antenna Array
To verify the simulation results, a prototype of the 16 × 16 complementary dipole antenna array was fabricated by 3D printing each layer using a Stratasys Objet30 Scholar system with VeroBlue RGD240 printing material. Its permittivity, ε r and loss tangent, tanδ were 2.9 and 0.01, respectively. The first layer had 256 slots, 512 metallic cuboids, and the upper half of 64 rectangular cavities. The second layer had the lower half of 64 rectangular cavities, 64 coupling apertures, and the upper half of the feeding network. Finally, the third layer had the lower half of the feeding network and the waveguide input port. After first spraying the 3D printed components with copper conductive paint, then electroplating with copper using a current of 1.8 A for an hour, the metallized structure was assembled by combining the three layers as shown in Figure 2 . For seamless assembly of the array, cylindrical pegs (Figure 2d ,f) and holes ( Figure 2c ,e) were printed at the top surface of Layers two and three and the bottom surface of Layers one and two, respectively. Four rectangular holes (6.54 mm × 5.6 mm × 2.5 mm) were used for the assembly of the four metallic nuts inside the waveguide flange as shown in Figure 2g . For comparison, an aluminum version of the 16 × 16 complementary dipole antenna array was also fabricated and is displayed in Figure 3 . This was also fabricated by milling three aluminum layers followed by electroplating with copper. The three layers were soldered together to form the array. The 3D printed, and aluminum antenna arrays, weighed 0.35 kg and 1.36 kg, respectively. The antenna performance of the two arrays is demonstrated in the following section. To verify the simulation results, a prototype of the 16 × 16 complementary dipole antenna array was fabricated by 3D printing each layer using a Stratasys Objet30 Scholar system with VeroBlue RGD240 printing material. Its permittivity,  and loss tangent, tan were 2.9 and 0.01, respectively. The first layer had 256 slots, 512 metallic cuboids, and the upper half of 64 rectangular cavities. The second layer had the lower half of 64 rectangular cavities, 64 coupling apertures, and the upper half of the feeding network. Finally, the third layer had the lower half of the feeding network and the waveguide input port. After first spraying the 3D printed components with copper conductive paint, then electroplating with copper using a current of 1.8 A for an hour, the metallized structure was assembled by combining the three layers as shown in Figure 2 . For seamless assembly of the array, cylindrical pegs (Figure 2d ,f) and holes (Figure 2c ,e) were printed at the top surface of Layers two and three and the bottom surface of Layers one and two, respectively. Four rectangular holes (6.54 mm × 5.6 mm × 2.5 mm) were used for the assembly of the four metallic nuts inside the waveguide flange as shown in Figure 2g . For comparison, an aluminum version of the 16 × 16 complementary dipole antenna array was also fabricated and is displayed in Figure 3 . This was also fabricated by milling three aluminum layers followed by electroplating with copper. The three layers were soldered together to form the array. The 3D printed, and aluminum antenna arrays, weighed 0.35 kg and 1.36 kg, respectively. The antenna performance of the two arrays is demonstrated in the following section. 
Measured and Simulated Results
To measure both the 3D printed and aluminum version of the 16 × 16 complementary dipole antenna arrays, the rectangular waveguide input port at the bottom layer was connected to a Millitech Inc. WCA-28-QSF00A waveguide-to-SubMiniature version A (SMA) adaptor. The reflection coefficient was measured using an Agilent Technologies E8363C network analyzer. Figure  4a shows the measured and simulated reflection coefficients of the 3D printed and aluminum arrays. For reflection coefficient −15 dB, the measured impedance bandwidths of the 3D printed and aluminum arrays are 14.8% from 25.74 GHz to 29.85 GHz and 14.7% from 25.74 GHz to 29.81 GHz, 
To measure both the 3D printed and aluminum version of the 16 × 16 complementary dipole antenna arrays, the rectangular waveguide input port at the bottom layer was connected to a Millitech Inc. WCA-28-QSF00A waveguide-to-SubMiniature version A (SMA) adaptor. The reflection coefficient was measured using an Agilent Technologies E8363C network analyzer. Figure 4a shows the measured and simulated reflection coefficients of the 3D printed and aluminum arrays. For reflection coefficient ≤−15 dB, the measured impedance bandwidths of the 3D printed and aluminum arrays are 14.8% from 25.74 GHz to 29.85 GHz and 14.7% from 25.74 GHz to 29.81 GHz, respectively. In contrast, the simulated impedance bandwidth is 14.6% from 25.74 GHz to 29.80 GHz. The lower operating frequency in all three cases is 25.74 GHz and the maximum error in the upper operating frequency is only 0.17%.
The gain and radiation patterns are measured with a near-field antenna measurement system by Nearfield Systems Inc., (NSI). The measured gains for the 3D printed and aluminum arrays and the simulated gains are illustrated in Figure 4b . A high and stable gain of more than 31 dBi across the operating band is obtained for both the measurements and the simulation. The measured gain of the 3D printed version is only 0.4 dB lower than that of the aluminum version. • at 27.80 GHz, respectively. This is because the position of the dipole and the slot are placed at an orthogonal orientation and the electric dipole and magnetic dipoles are produced. From the above performances of the proposed antenna array, it demonstrates excellent radiation characteristics, including wideband, high gain, low back radiation, low cross-polarization levels, high front-to-back ratio, and symmetrical radiation patterns in the phi = 0 • and 90 • planes. respectively. In contrast, the simulated impedance bandwidth is 14.6% from 25.74 GHz to 29.80 GHz. The lower operating frequency in all three cases is 25.74 GHz and the maximum error in the upper operating frequency is only 0.17%. The gain and radiation patterns are measured with a near-field antenna measurement system by Nearfield Systems Inc., (NSI). The measured gains for the 3D printed and aluminum arrays and the simulated gains are illustrated in Figure 4b . A high and stable gain of more than 31 dBi across the operating band is obtained for both the measurements and the simulation. The measured gain of the 3D printed version is only 0.4 dB lower than that of the aluminum version. Figure 4c -h shows the measured radiation patterns of the 3D printed and aluminum arrays, as well as the simulated patterns at 25.74, 27.80, and 29.85 GHz, where the complementary dipole antenna array operates in a broadside symmetrical radiation in the phi = 0° and 90° planes. The measured first sidelobe levels of the 3D printed and aluminum arrays at 27.80 GHz are 13 dB at 0° and 90° planes. They are similar to the simulated levels at 27.80 GHz of 13.8 dB at 0° and 90° planes. The measured 3 dB beamwidths of the 3D printed and aluminum arrays in the 0° and 90° planes are 4.2° and 4° at 27.80 GHz, respectively. This is because the position of the dipole and the slot are placed at an orthogonal orientation and the electric dipole and magnetic dipoles are produced. From the above performances of the proposed antenna array, it demonstrates excellent radiation characteristics, including wideband, high gain, low back radiation, low cross-polarization levels, high front-to-back ratio, and symmetrical radiation patterns in the phi = 0° and 90° planes. 
Conclusions
A 3D printed planar high gain 16 × 16 antenna array using the complementary dipole concept has been demonstrated in this paper. Both measured and simulated results agree well. Fabrication of an array using 3D printing, spraying and electroplating is presented. The advantage of a 3D printed array is the low cost and light weight in comparison to a metallic version. The 3D printed array weights only 0.35 kg. The basic radiating unit is constructed by the standard rectangular slot element and the two top-mounted metallic cuboids. A parallel waveguide feeding network with equal amplitude and equal phase characteristics was utilized due to its wideband feature. Combining the wideband complementary dipole radiating unit and the wideband feeding network, the 3D printed array has 14.8% impedance bandwidth for reflection coefficient −15 dB in a 28 GHz band. Around a 32 dBi gain for the operating band with broadside radiation was achieved. Together, these results suggest that the proposed array is suitable for 5G wireless communication applications.
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